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ABSTRACT 
So l id  phase adhesion of t h e  bulk immiscible metals s i l v e r  and tungsten 
has been inves t iga ted ,  using t h e  method of Johnson and Kel ler .  
s t rength  of t h e  junct ion approximated t h e  t e n s i l e  s t rength  of s i l v e r .  
A model f o r  me ta l l i c  adhesion w a s  suggested, which predic t s  an ad- 
hesion s t rength  which approaches t h e  t e n s i l e  s t rength  of t h e  weaker 
m e t a l  i n  t h e  couple between a l l  p a i r s  of metals. 
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INTRODUCTION 
When two s o l i d  me ta l l i c  surfaces a re  brought i n t o  in t imate  contac t ,  
c e r t a i n  physical i n t e rac t ions  occur along t h e  in t e r f ace  which r e s u l t  i n  an 
a t t r a c t i v e  force between t h e  bodies. This phenomenon i s  o f t en  r e f e r r e d  t o  
as me ta l l i c  adhesion or  cold welding. It i s  an important consideration i n  
t h e  design of space c ra f t  components, s ince  t h e  lack of atmospheric gases 
i n  t h e  space environment ( c f .  Table 1) increases t h e  p robab i l i t y  of t h e  
occurrence of me ta l l i c  adhesion ( 2 ) .  Keller (1) has shown t h a t  t h e  process 
i s  also an important f a c t o r  i n  t h e  mechanism of f r i c t i o n .  Many inves t i -  
ga t ions  of t h e  f a c t o r s  influencing adhesion have been c a r r i e d  ou t ,  but few 
have y ie lded  any flmdamental knowledge of t h e  phenomenon. 
s t u d i e s  ( 3 , 4 , 5 )  have been car r ied  out i n  a i r ,  which causes severe sur face  
Many adhesion 
contamination; however, Johnson and Keller ( 2 )  have e s t ab l i shed  t h a t  
sur face  contamination i s  t h e  major b a r r i e r  t o  adhesion. Extreme deforma- 
t i o n  along t h e  i n t e r f a c e  can d isperse  these  contaminants, and, as a conse- 
quence, a number of d u c t i l e  metals have been cold-welded i n  a i r  by t h e  
appl ica t ion  of high compressive s t r e s s e s  ( 3 , 4 , 5 ) .  
ments g ive  l i t t l e  i n s igh t  i n t o  t h e  bas i c  phenomenon s ince  t h e  degree of 
However, t hese  experi- 
contamination and deformation involved i n  t h e  experiment i s  not r ead i ly  
measurable. 
I 
O f  t h e  inves t iga t ions  t h a t  have been ca r r i ed  out i n  vacuum low 
enough t o  prevent r ap id  surface contamination, i .e. at l e a s t  lo-’ Torr 
( c f .  Table 1) , many s t i l l  involve obvidzls surface contamination and requi re  
gross deformation t o  permit adhesion. For example, one common procedure 
1 .  
i s  t o  f r a c t u r e  a t e n s i l e  specimen i n  vacuum, br ing  the  pieces back to-  
ge the r  i n  compression , and then r e f r a c t u r e  t h e  cold-welded sample (6 ,7 ,8 ,9 ) .  
The compressive s t r e s s  necessary t o  r e j o i n  t h e  pieces i s  t y p i c a l l y  g r e a t e r ,  
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than t h e  y i e l d  s t r e s s  f o r  t h e  pa r t i cu la r  ma te r i a l ,  which implies t h a t  t h e  
f r ac tu re  surfaces  must be highly deformed before  s ign i f i can t  adhesion 
occurs. During such a t e s t ,  contamination may occur from sources o ther  
than t h e  ambient gases ,  such as gas f i l l e d  voids within t h e  metal ,  surface 
d i f fus ion  of impuri t ies  from the s ides  of t h e  specimen onto t h e  f resh ly  
formed sur face ,  o r  from diffusion of impuri t ies  from t h e  bulk of t h e  
sample t o  the  new surface.  Indeed, many inves t iga tors  using t h i s  tech- 
nique have reported a v io len t  pressure r i s e  when t h e  specimen w a s  f rac tured .  
Hordon and h i s  co-workers (10 )  have produced voluminous adhesion data 
from experiments i n  which t h e  surfaces were presumably cleaned by brushing 
them with a s t a i n l e s s  s t e e l  brush i n  ultra-high vacuum. This technique 
s u f f e r s  from t h e  f a c t  t h a t  mass t ranspor t  of  brush ma te r i a l  (or surface 
contaminants on t h e  brush) t o  the  specimens undoubtedly occurs as wel l  as 
surface roughening, heating and work hardening. The surfaces  i n  these  
experiments were the re fo re  i n  some unknown complex s ta te ,  preventing the  
observation of fundamental phenomena. 
I n  1960, Keller (2,11,12,13) i n i t i a t e d  a program t o  inves t iga te  the  
fundamental aspects of meta l l ic  adhesion. It w a s  apparent t h a t  such an 
inves t iga t ion  would requi re  samples with atomically pure,  well-defined 
surfaces ,  which could be brought together  with near ly  zero loading t o  
keep deformation at a minimum. A n  apparatus w a s  developed which approxi- 
mated these  conditions w e l l .  (See Experimental sec t ion  of t h i s  t h e s i s . )  
Early exploratory invest igat ions by Kel ler  (13)  and o thers  ( 4 )  which 
d i d  not attempt t o  measure t h e  force of a t t r a c t i o n  indicated t h a t  adhesion 
occurred between metals which were mutually so luble  i n  t h e  bulk,  and d id  
not  occur between bulk insoluble pairs. 
soph i s t i ca t ed  inves t iga t ions  i n  which ac tua l  force  measurements were taken 
However, more recent and more 
4 
The insoluble  couple s i l v e r  (4)- es tab l i shed  t h a t  t h i s  i s  doubtful ( 2 ) .  
tungsten ( W )  was se l ec t ed  f o r  study i n  t h i s  inves t iga t ion  f o r  t h e  following 
reasons : 
(1) 
( 2 )  
ease of preparing atomically clean surfaces  f o r  both metals, 
t o  fu r the r  inves t iga te  t h e  s o l u b i l i t y  c r i t e r i o n  f o r  me ta l l i c  
adhesion, and 
(3) t o  fu r the r  inves t iga te  t h e  contact r e s i s t ance  of d i s s i m i l a r  
couples , s ince  Johnson e t  a1 ( 2 )  reported anomalously high 
contact res i s tances  between dissimilar metals 
THEORY 
5 
Atomic Nature of The Adhesion Force 
The exact na ture  of t h e  adhesion force across  t h e  i n t e r f a c e  between 
two metals i s  not known; however, it i s  genera l ly  accepted t h a t  t h e  force  
i s  c lose ly  r e l a t e d  t o  those  forces which bind t h e  atoms of a bulk metal 
toge ther ,  i . e .  t h e  m e t a l l i c  bond. This m a y  be  i l l u s t r a t e d  i n t u i t i v e l y  by 
considering t h e  following i d e a l  experiment. 
cleaved i n  a per fec t  vacuum at O'K, and t h e  two pieces a r e  brought back 
toge ther  i n t o  a fo rce l e s s  contact i n  exac t ly  t h e  same configuration. The 
r e s u l t i n g  i n t e r f a c e  within t h e  c rys ta l  should be ind is t inguishable  from 
o t h e r  similar planes throughout t h e  c r y s t a l .  
have a per fec t  s i n g l e  c r y s t a l ,  held toge ther  by t h e  me ta l l i c  bond. 
an experiment could not be performed, even at acceptably low (but f i n i t e )  
temperature and pressure s ince  the  metal cannot a l w a y s  be cleaved. 
Fur ther ,  it i s  impossible t o  bring t h e  halves back toge ther  with exac t ly  
t h e  same r e l a t i v e  pos i t ion .  
na t ion  of t h e  clean sur faces ,  and t o  achieve a force less  contact. Even 
S O ,  it seems l o g i c a l  t o  assume t h a t  if t h e  ideal conditions were approxi- 
mated, t h e  adhesive force  w i l l  be c lose ly  r e l a t e d  t o  t h e  me ta l l i c  bond. 
A pe r fec t  me ta l l i c  c r y s t a l  i s  
In  f a c t ,  we should again 
Such 
It i s  a l s o  most d i f f i c u l t  t o  prevent contami- 
I n  t h i s  inves t iga t ion  , there  were two import ant deviations from t h e  
ideal  experiment : 
(1) Adhesion was achieved by gent ly  bringing two atomically clean 
w i r e s  i n t o  contact.  Since t h e  samples were po lyc rys t a l l i ne ,  
it w a s  impossible t o  achieve a c rys ta l lographic  match when 
t h e  surfaces were brought toge ther .  However, t h e  regions of 
in t imate  contact were probably i n  a s t a t e  somewhat l i k e  a grain 
boundary s ince  t h e  surfaces were ca re fu l ly  cleaned and l i g h t l y  
6 
loaded. 
Dissimilar metals were used. 
Therefore , t h e  i d e a l  conditions were approximated. 
( 2 )  Such a junc t ion  may be analyzed 
using so lu t ion  theory i f  t h e  i n t e r f a c e  i s  considered t o  be a 
region of f i n i t e  thickness with a concentration gradient ( t h i s  
i s  discussed i n  d e t a i l  i n  t h e  "Results and Discussion" sec t ion  
of t h i s  t h e s i s ) .  The atoms i n  such an i n t e r f a c e  should be he ld  
toge ther  by t h e  me ta l l i c  bond. 
I n  summary, desp i t e  t h e  deviations from i d e a l i t y  i n  t h i s  experiment, 
it i s  probable t h a t  t h e  adhesion forces  observed were very similar t o  t h e  
m e t a l l i c  bond across a g ra in  boundary. 
Effect of Surface Contamination 
Johnson and Keller ( 2 )  ind ica ted  t h a t  sur face  contamination i s  t h e  
major b a r r i e r  t o  adhesion fo r  so f t  metals ( 2 ) ,  and probably f o r  hard 
metals (12 ) .  Furthermore, they demonstrated t h a t  t he re  a re  two c lasses  
of contaminant b a r r i e r s  t o  adhesion; one c l a s s  could be removed simply by 
reducing t h e  gas pressure around t h e  sample, and t h e  o ther  could only be 
removed by rigorous argon ion cleaning of t h e  sur faces .  S tab le  films , such 
as those  formed under long exposure t o  atmospheric conditions , c o n s t i t u t e  
t h e  l a t t e r  c l a s s .  
Energy Bar r i e r  t o  Adhesion 
Erdmann-Jesnitzer (14) and Semenov (15) proposed t h e  existence of an 
energy b a r r i e r  t o  adhesion which cons is ted  of t h e  work required t o  a l ign  
t h e  surface atoms t o  form an i n t e r f a c i a l  bond. Johnson and Keller (2,12) 
showed t h a t  t h i s  b a r r i e r ,  if it e x i s t s ,  i s  of minor importance i n  t h e  
phenomenon of m e t a l l i c  adhesion. 
Ef fec t  of E l a s t i c  Relief Forces 
The f a i l u r e  by e l a s t i c  forces of i n t e r f a c i a l  atomic bonds 
I 
7 
(on unloading) w a s  pos tu la ted  by Bowden, Tabor e t  a1 (16 ,17 ) ,  l a rge ly  i n  
connection with me ta l l i c  f r i c t i o n  s tud ie s .  Such a model may apply t o  con- 
taminated sur faces ;  however, i n  t h e  case of atomically clean su r faces ,  
e l a s t i c  r e l i e f  forces  do not s i g n i f i c a n t l y  cont r ibu te  t o  t h e  weakening of 
t h e  i n t e r f a c i a l  bond ( 1,111. 
Effec t  of Mutual S o l u b i l i t y  
A s  discussed i n  t h e  Introduction, ea r ly  experiments seemed t o  in- 
d i c a t e  t h a t  inso luble  metals do not adhere ( 1 3 , b ) .  
Keller ( 2 )  have shown conclusively t h a t  t h e  inso luble  s i lver -n icke l  couple 
However, Johnson and 
adheres. There i s  a l s o  evidence t h a t  t h e  inso luble  copper-tantalum and 
i ron - s i lve r  couples adhere (lo), although it i s  l e s s  conclusive than t h e  
evidence presented by Johnson and Keller f o r  s i lver -n icke l .  Thus, when t h e  
present i nves t iga t ion  began, it w a s  suspected t h a t  mutual s o l u b i l i t y  i s  not 
a c r i t e r i o n  f o r  t h e  existence of m e t a l l i c  adhesion. 
Estimation of Bond Strengths 
The most important datum obtained from an adhesion experiment is  t h e  
s t r e s s  at which t h e  adhesion couple breaks. The force t o  break t h e  junction 
is  r e l a t i v e l y  simple t o  measure, bu t  t h e  t r u e  area of metal-metal contact 
i s  extremely d i f f i c u l t  t o  obtain. This i s  because t h e  surfaces of t h e  
sample are never p e r f e c t l y  smooth, p a r t i c u l a r l y  a f t e r  cleaning by argon 
ion  bombardment. Therefore, even f o r  atomically clean surfaces i n  contac t ,  
i f  t h e  loading i s  l i g h t ,  t h e r e  w i l l  be regions t h a t  a r e  not i n  contact 
w i th in  t h e  apparent contact area. I f  t h e  surfaces a r e  contaminated t h e  
problem i s  even more complex since t h e r e  w i l l  be contaminants dispersed 
over t h e  contact a r ea  t h a t  m a y  o r  may not prevent intimate contact.  
A t  p r e sen t ,  t h e r e  i s  no accurate method t o  measure t r u e  contact area. 
However, t h e r e  are two methods ava i lab le  which g ive  contact a r ea  t o  a f irst  
approximat ion. 
I 
8 
(1) Contact Resistance Method 
As an approximation, consider one c i r c u l a r  contact region be- 
tween two members of t h e  same metal  with clean surfaces.  Holm (18) 
has shown t h a t  t h e  radius of t h e  contact region ( a )  can be e s t i -  
mated from t h e  equation: 
P 
Rc =--z 
where R 
spec i f i c  r e s i s t i v i t y  of the metal. The term contact r e s i s t ance  w a s  
coined a t  a time when it was bel ieved t h a t  t h e  me ta l l i c  contact 
surface i t s e l f  accounted f o r  t h e  observed res i s tance .  Actually,  t h e  
observed r e s i s t ance  i s  a cons t r i c t ion  res i s tance  which i s  t h e  conse- 
quence of t h e  current flow being cons t r ic ted  through small conducting 
spots  (18). 
i s  th; contact ,  o r  cons t r i c t ion ,  r e s i s t ance ,  and p i s  t h e  
C 
For a dissimilar metal couple, (1) becomes 
where p and p a r e  t h e  spec i f i c  r e s i s t i v i t i e s  of t h e  two metals.  1 2 
It should be noted t h a t  these  formulae apply only t o  clean 
surfaces .  If a contaminant f i lm i s  present ,  a cor rec t ive  term must 
be added due t o  the  thickness and r e s i s t i v i t y  of t h i s  film (18). 
Recently, Greenwood (19) has re-evaluated Equation (1) for 
surfaces  with a s p e r i t i e s  and demonstrated t h a t  R 
t h e  equation : 
must be given by 
C 
i 
ic 
9 
where p is  t h e  metal  conductivity 
n is t h e  number of metal junc t ions  formed 
r is  t h e  distance between junc t ion  "i" and junction "j" 
i d  
a is  t h e  radius of junction "i" i 
However, such an equation could not be used i n  t h e  present i nves t i -  
ga t ion ,  s ince  n ,  r and a. a r e  most d i f f i c u l t  t o  measure. i j  1 
Johnson e t  a1 found t h a t  contact areas ca lcu la ted  using 
Equation (1) gave anomalously high values of junction s t rengths  f o r  
couples loaded below 30 mg. They the re fo re  r e j ec t ed  it i n  favor 
of Hertz' method, which i s  derived from mechanical considerations.  
( 2 )  Hertz Method 
Figure (1) shows a p lo t  of t h e  average pressure ,  Pm, vs load 
f o r  an idea l i zed  couple of pe r fec t  geometry as discussed by Tabor 
(20 ) .  
region and AB a t r a n s i t i o n  zone. In  t h e  e l a s t i c  region OA, Hertz 
Section OA i s  t h e  e l a s t i c a l l y  deformed region, BC t h e  p l a s t i c  
(21)  has shown t h a t  f o r  crossed cylinders ( t h e  configuration used 
i n  t h i s  i nves t iga t ion )  t h e  radius of t h e  contact zone i s  given by: 
r 1 2  1 -111'3 
1 
r 
2 
(-+-I ( 3 )  
where a = radius of contact zone 
W = load  
u = Poisson's r a t i o  
E = Young's modulus of e l a s t i c i t y  
r = radius of curvature of couple members 
Section BC of t h e  Pm versus load p l o t  may be approximated (18) 
by t h e  hardness of t h e  mater ia l ,  i .e .  
Pm = H 
1 0  
(20)  when The i n i t i a t i o n  of p l a s t i c  deformation occurs at a load W A 
Pm = l . l y  
where y i s  t h e  y i e l d  s t rength of t h e  mater ia l .  
With t h e  subs t i t u t ion  of t h e  data fo r  s i l v e r  i n  subscr ipt  1 
of Equation (3), t h e  value f o r  - a of t h e  tungsten-si lver  couple can 
be shown t o  be: 
1 - ( 0 . 3 7 )  2 + 1 - (0 .30 )  2 11 3 
35 .1  x 10 
or  
a = 1 8 . 4 2  x W 7 1 1 3  ( 5 )  
where t h e  values f o r  t h e  mechanical parameters have been taken from 
Holm (18) and t h e  Metals Handbook (22 ) .  This equation w i l l  only be 
acceptable below t h e  load WB above which t h e  s i l v e r  y i e lds  by 
p l a s t i c  deformation alone. A t  t h i s  load we have from Equation ( 4 ) :  
where 
A = contact a rea  
or 
The hardness (V.P.N.) of t h e  s i l v e r  specimen w a s  found t o  be 
k 
at 200 gm load ( 2 ) .  We can a l s o  s u b s t i t u t e  Equation ( 5 )  i n t o  2 mm 
Equation ( 6 )  f o r  - a. Then Equation ( 6 )  becomes: 
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WB = 48.3 x 105n 2.42 x 
WB] 
wB = [ 48.3 105T]3 [ 2.42 10-11]2 
WB = 2.1 gm 
11 
The loading range i n  t h i s  inves t iga t ion  w a s  0 .5  t o  7.5 gm. Since 
t h e  Hertz equation was derived assuming an e l a s t i c  i n t e rac t ion  and s ince  
WB ( t h e  load a t  which the  s i l v e r  rod w i l l  deform i n  a completely p l a s t i c  
manner) i s  about 2 gm, w e  can only apply t h e  H e r t z  equation f o r  loads l e s s  
than 2 gm. However, Johnson e t  a1 (2 )  found t h a t  Holm's equation (Equation 
(1)) gave s a t i s f a c t o r y  r e s u l t s  f o r  heavier  loads (e.@;. > 0.5 gm f o r  Ag-Ag). 
Therefore, f o r  loads < 1 . 5  gm, Equation ( 3 )  , t h e  Hertz equation w i l l  be 
appl ied,  and for  loads > 1 . 5  gm, Equation (11, Holm's equation w i l l  be used. 
It should be emphasized tha t  both of these  equations assume pe r fec t ly  
smooth specimen surfaces .  
t h a t  w i l l  deform p l a s t i c a l l y  (although t h e  load w i l l  be ca r r i ed  i n  t h e  bulk 
material by predominately e l a s t i c  deformation) (23). It i s  c l e a r ,  then ,  
t h a t  t h e  contact area of t he  adhesion couple can only be crudely estimated. 
Equations (1) and (3 )  a re  only f a i r  approximations, but they a re  used i n  
t h i s  ana lys i s  because they axe t h e  only acceptable equations ava i lab le .  
I n  r e a l i t y  t h e r e  a r e  a s p e r i t i e s  on t h e  surface 
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EXPERIMENTAL 
The adhesion c e l l  and pumping system were designed t o  allow t h e  mea- 
surement df Ohe contact res i s tance  and adhesion s t rength  between two metal 
samples as a f'unction of contact force ,  with varying degrees of surface 
contamination. 
( A )  a t tached through a 1" ultra-high vacuum valve (H) t o  t h e  vacuum system, 
as shown i n  Figure 2. 
The system consis ted of a 40 x 300 mm pyrex adhesion c e l l  
The adhesion c e l l ,  valve,  and f i r s t  l i q u i d  ni t rogen 
, 
t r a p  were baked out during each experiment a t  pressures below Torr at 
a temperature of 45OoC f o r  a t  l e a s t  15 hours. After bake-out, t h e  degass- 
ing of t h e  t i tanium sorpt ion pump ( G ) ,  and t h e  cooling of t h e  f i r s t  l i q u i d  
-10 nit rogen t r a p ,  t h e  pressure i n  t h e  adhesion c e l l  w a s  usua l ly  2 x 10 
Torr ,  as measured by t h e  NRC Redhead gauge (D) mounted adjacent t o  t h e  
specimens. 
t i tanium wire c losely wrapped over 0.015" tungsten wire which, i n  t u r n ,  
w a s  formed i n t o  a 1/8" he l ix .  
The t i tanium sorpt ion pump consis ted of a h e l i x  of 0.010" 
The to r s ion  beam and adhesion samples a re  shown i n  Figure 3. 
4 ind ica tes  spec i f i c  d e t a i l s  of t h e  beam support. 
of a .006 in .  tungsten wire mounted on a support f ixed i n  a "Conflat" 
f lange  which w a s  remote from a l l  e l e c t r i c a l  leads.  
por t ing  t h e  beam i s  an improvement t o  t h e  method developed by Johnson 
e t  a1 (2,12) , s ince  t h e  leads  t o  each sample and t o  the  e lec t ron  bombard- 
ment fi laments were w e l l  separated from each other .  
p o s s i b i l i t y  of e l e c t r i c a l  breakdowns during the  high voltage processes of 
argon ion cleaning and electron beam annealing of t h e  samples. 
Figure 
The beam pivot  consis ted 
This method of sup- 
This eliminated t h e  
The beam w a s  constructed of two pieces  of tubing jo ined  with a 
s t a i n l e s s  s t e e l  connector which served t o  support t he  beam on t h e  pivot 
w i r e .  The alumina tubing supporting the  sample had two holes through which 
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passed 0.050 in .  copper e l e c t r i c a l  l eads  t o  t h e  molybdenum sample holders 
I 
( B ) .  The sample holders were carefu l ly  in su la t ed  with a high temperature 
ceramic cement. All e l e c t r i c a l  l eads  were shielded with alumina tubing 
and ceramic cement. 
The i r o n  s lug  (L1), Figure 3, w a s  f ixed  t o  t h e  end of t h e  t o r s i o n  
beam and was used i n  conjunction with an ex te rna l  permanent magnet (M) t o  
f i x  t h e  r e l a t i v e  pos i t ion  of the samples. 
t h e  to r s ion  beam supported a second i ron  slug (L2) which in t e rac t ed  with 
t h e  f i e l d  of a solenoid ( 0 ) .  
The s t r a i n  gauge ( N )  mounted on 
Thus, as cur ren t  i n  t h e  solenoid w a s  in- 
creased, t h e  samples were moved i n t o  contact and loaded normally. The 
fo rce  of shearing t h e  magnetic f lux  between t h e  i ron  s lug  (L ) and t h e  
magnet (M) before contac t ,  and t h e  loading fo rce  a f t e r  contact , were mea- 
sured by t h e  0.00095'' x 6" nude constantan wire s t r a i n  gauge. The s t r a i n  
1 
gauge output w a s  monitored by a Sanborn Transducer-Amplifier , Model 312. 
Following each run, t h e  balance system w a s  ca l ib ra t ed  i n  air  throughout 
t h e  range of operation, i . e .  0 - 7.5 gm, and w a s  found t o  have a sensi-  
t i v i t y  of about 0.010 gm. 
The contact r e s i s t ance  between t h e  samples w a s  measured with a 
Leeds and Northrup Precision Kelvin bridge i n  conjunction with a Keithley 
Nanovoltmeter used as a n u l l  defector. A Kelvin bridge i s  designed t o  
e l imina te  t h e  e f f e c t s  of l ead  and contact r e s i s t ances ,  It i s  therefore  
u s e f U  i n  measuring very small r e s i s t ances  (when l ead  and contact re- 
s i s t a n c e s  become s i g n i f i c a n t ) .  With t h e  Kelvin bridge , it i s  necessary 
t o  have four  leads  t o  t h e  unknown re s i s t ance ;  two a r e  c a l l e d  current 
leads and t h e  o ther  two a r e  ca l led  p o t e n t i a l  l eads .  
Figure 5 i s  a schematic of t h e  Kelvin bridge c i r c u i t .  The voltage 
source maintained a p o t e n t i a l  drop of 0.3 m i l l i v o l t s  across t h e  contact 

1 .  
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r e s i s t ance ,  which should y i e l d  neg l ig ib l e  temperature r i s e  a t  t h e  contact 
region due t o  current flow (24) .  P r i o r  t o  each run, t h e  bridge w a s  C a l i -  
b ra ted  using a 0.01 ohm NBS standard r e s i s t o r .  
and S t h e  standard r e s i s t o r  was i s o l a t e d ,  and t h e  samples were in- 
corporated i n  t h e  c i r c u i t .  
p o t e n t i a l  connections t o  t h e  samples e With t h i s  configuration, t h e  
samples themselves are used as leads t o  t h e  contact region, and t h e  only 
r e s i s t ance  measured i s  t h e  ac tua l  contact r e s i s t ance .  This enabled t h e  
contact r e s i s t ance  t o  be measured with an accuracy of 3-4 f igu res .  
1 Then, using switches S 
2’ 
Figure 6 shows t h e  d e t a i l s  of t h e  current and 
The t o r s i o n  beam arrangement w a s  designed i n  order t o  ob ta in ,  as 
near ly  as poss ib le ,  pure normal loading. I n  t h i s  w a y ,  shear deformation 
of t h e  adhesion specimens was reduced t o  a minimum during t e s t  cyc les ,  
t h e  only t angen t i a l  motions coming from unavoidable, normal labora tory  
v ib ra t ions .  The e f f e c t s  of these v ib ra t ions  could be observed only under 
extremely l i g h t  specimen loading (. 30 mg) or non-adhesion conditions,  
when i n s t a b i l i t y  of t h e  contact r e s i s t ance  occurred. 
The normal operating procedure involved placing t h e  samples i n  t h e  
system and evacuating t o  a pressure below 
bakeout cycle started, as previously mentioned, t o  a t t a i n  an u l t imate  
pressure  of about 2 x Torr. The specimens were then subjected t o  
argon ion bombardment f o r  about 5 minutes t o  remove any gross impur i t ies  
t h a t  may have been adsorbed on t h e  surfaces during bakeout. 
was s t a r t e d  immediately, it i s  poss ib le  t h a t  t hese  impurit ies could d i f fuse  
Torr,  a t  which t i m e  t h e  
(If degassing 
i n t o  t h e  bulk and l a t e r  could provide a source of contamination for t h e  
sur faces .  ) Ultra-high pu r i ty  argon, obtained from t h e  Airco Company, was 
admitted t o  t h e  l eak  system by breaking t h e  capsule break-off t i p .  
argon w a s  then admitted t o  t h e  c e l l  t o  a pressure  of about 10 Torr, and 
The 
-4 
I .  
I 
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bombardment w a s  obtained by placing a D.C. p o t e n t i a l  of about one k i lovo l t  
between t h e  filament ( D )  , Figure 3, and t h e  surface t o  be cleaned. During 
t h e  e n t i r e  cleaning operation, a s m a l l  n i cke l  s h i e l d  w a s  placed between 
t h e  samples t o  s h i e l d  t h e  sample not being cleaned at  t h a t  time from 
contamination. 
After about 5 minutes, t he  bombardment w a s  stopped and t h e  argon 
evacuated. The cleaning of t h e  tungsten sample was accomplished i n  
seve ra l  s tages  : 
-6 Resistance heating t o  about 1 8 0 0 ' ~  i n  10 
about 1 5  minutes t o  permit t h e  carbon on t h e  tungsten surface 
t o  be oxidized t o  form carbon monoxide which could then be 
evacuated. 
Heating by e lec t ron  bombardment from filament (D) t o  about 
2000'K f o r  a t  least 12 hours, f i n a l l y  a t t a i n i n g  a pressure 
< lo-' Torr a t  temperature. 
Repeated f l a sh ing  t o  2400'K by r e s i s t ance  hea t ing  f o r  a few 
seconds, t o  a t o t a l  of about 15 minutes at 2400'K at a 
pressure of < 10-9 ~01-r. 
Torr oxygen f o r  
The s i l v e r  w a s  heated by e l ec t ron  bombardment t o  about l l O O ' K  f o r  
one hour. A momentary pressure peak of about Torr w a s  observed, 
which f e l l  within a few seconds t o  below lo-' Torr. 
s t i l l  h o t ,  t h e  tungsten w a s  again f lashed  severa l  times t o  about 2400'K 
t o  remove gases adsorbed on the  su r face  during t h e  outgassing of t h e  
s i l v e r .  
While t h e  s i l v e r  was 
Argon ion bombardment was again i n i t i a t e d .  A t  t h i s  s t age ,  each 
su r face  w a s  bombarded fo r  a t  l e a s t  t h ree  hours. After bombardment , a 
substantial deposit  of sput te red  mater ia l  w a s  observed on t h e  c e l l  w a l l s  
:: 
I .  
I 
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indica t ing  t h a t  a considerable amount of surface mater ia l  was removed. 
After t h i s  phase, both samples were annealed for  an hour t o  minimize 
surface damage and t o  desorb argon from t h e  sample. The tungsten w a s  held 
at about 2000'K, and t h e  s i l v e r  at about l l O O ' K  during annealing. 
Adhesion cycles were performed at each s tage of surface c l ean l ines s ,  
i . e .  i n  a i r ,  a f t e r  bakeout, a f t e r  degassing and argon bombardment, and 
after annealing. I n  t h e  f u l l y  clean s ta te ,  t h e  tungsten w a s  f lashed  t o  
2400'K and t h e  s i l v e r  was heated t o  l l O O ' K  every hour when measurements 
were being made. 
An adhesion cycle was performed by slowly bringing t h e  samples i n t o  
contact by increasing the  current i n  the  solenoid i n  d i s c r e t e  i n t e rva l s .  
The value of t h e  load on the  beam as detected by t h e  Sandborn-312 was noted 
at each i n t e r v a l  u n t i l  sample contact was made. After contac t ,  contact 
r e s i s t ance  as w e l l  as load w a s  measured fo r  each new adjustment of solenoid 
current .  The loading continued t o  some predetermined l e v e l  and w a s  then 
reduced by increments u n t i l  contact w a s  broken. 
were immediately indicated by a closed and open c i r c u i t  i n  the  Kelvin 
bridge. 
Contact make and break 
Adhesion was indicated by a g rea t e r  load on the  beam at contact 
make than at contact break. This can be seen by considering t h e  moments 
ac t ing  on t h e  beam during the  cycle (Figure 7 ) .  On loading, j u s t  before  
contac t ,  t h e r e  i s  a counterclockwise moment M due t o  t h e  force F from 
t h e  posi t ioning magnet, and a clockwise moment M2 due t o  t h e  loading force  
F2 from the  solenoid. 
fo rce  of adhesion F has been es tab l i shed ,  and t h a t  t h e  couple i s  now A 
being unloaded. From Figure 5 it i s  evident t h a t  t h e  moment due t o  F 
1 1 
Now a s s m e  t h a t  t h e  couple has been loaded, t h a t  a 
A' 
i s  clockwise (as i s  M2) .  Thus, t he re  is  a grea te r  t o t a l  clockwise MA' 
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moment t o  oppose t h e  e f f e c t s  of M1. 
f a l l  t o  a lower value a t  contact break than a t  contact  make. 
Therefore, M2 (or equivalent ly  F ) can 2 
I 
I n  a l l ,  a t o t a l  of about 250 adhesion tes ts  were performed during 8 
As previously mentioned, t e s t s  were made f o r  each s t a t e  d i f f e ren t  runs. 
of sur face  c leanl iness ;  a l s o ,  the peak load on t h e  couple was var ied,  
usua l ly  including 0.5, 1 .0 ,  3.0 and 6.0 gm. 
I n  t h i s  study, t h e  mater ia ls  used were: 
(1) 99.999% Ag (0.040" w i r e )  
( 2 )  99.99% W (0.030" w i r e )  
both obtained from t h e  United Mineral and Chemical Corporation. 
RESULTS AND DISCUSSION 
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The r e s u l t s  of t y p i c a l  adhesion t e s t  cycles a r e  shown i n  Figures 
8a and 8b, i n  which contact res i s tance  i s  p lo t t ed  vs load on t h e  couple. 
Adhesion w a s  observed i n  the  cycle represented i n  Figure 8a and no adhesion 
w a s  observed f o r  t h e  cycle i n  Figure 8b. 
Three c r i t e r i a  f o r  meta l l ic  adhesion have been es tab l i shed  ( 2 )  and 
a r e  evident i n  Figure 8a: 
(1) There i s  a s ign i f i can t  d i f fe rence  between the  contact make 
load  and t h e  contact break load. 
The m i q i m u m  contact r e s i s t ance  a t t a ined  at maximum load on 
t h e  couple i s  maintained on unloading t o ,  or very near t o ,  
t h e  point of junction f r ac tu re .  
( 2 )  
( 3 )  The contact res i s tance  values a r e  qu i t e  s t ab le ,  even under 
l i g h t  loading. 
No adhesion w a s  observed in t h e  cycle represented i n  Figure 8b ,and, 
as i s  evident ,  each of t h e  three  c r i t e r i a  i s  v io la ted .  
(1) There i s  no s igni f icant  difference between contact make force  
and contact break force. 
Minimum contact res i s tance  i s  not maintained on unloading; 
indeed, t h e r e  i s  l i t t l e  or no d i f fe rence  between t h e  loading 
and unloading branches of t h e  contact resistance-load curve. 
For l i g h t  loads ,  the  contact r e s i s t ance  values a re  unstable  
( 2 )  
(3) 
250 adhesion t e s t  curves were obtained f o r  various s tages  of sur face  
The r e s u l t s  f o r  t h e  various c l ean l ines s ,  and various loads on t h e  couple. 
s t ages  m a y  be summarized as follows: 
Stage (1) - I n  a i r ,  the  minimum contact r e s i s t ance  averaged about 
1 ohm, and no adhesion was ever observed. 
0 0  
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27 -6 Stage ( 2 )  - Samples t e s t e d  a t  ambient pressures of 10  
before bakeout gave r e s u l t s  which were i d e n t i c a l  t o  those i n  air. 
Stage ( 3 )  - After bakeout and degassing of aux i l i a ry  components, i . e .  
not t h e  samples, (pressure about 2 x 10-l' Torr) t h e  average minimum 
contact r e s i s t ance  was about 0.08 ohm, and adhesion was s t i l l  not 
Torr and 
observed. 
Stage ( 4 )  - The s i l v e r  was degassed and argon ion bombarded and t h e  
tungsten heated i n  oxygen t o  1800O~,  annealed a t  2000'K and argon 
bombarded, but - not flashed t o  2400'K. 
average minimum contact r e s i s t ance  f e l l  t o  about 0.02 ohm, and ad- 
hesion w a s  found i n  roughly 10% of t h e  cycles. 
were found f o r  measurements i n  about 10 Torr argon, and f o r  mea- 
surements a f t e r  t h e  argon had been pumped o f f ,  leaving t h e  system 
about 2 x 10-l' Torr. 
Stage ( 5 )  - The s i l v e r  was annealed, and t h e  tungsten f lashed  t o  
2400'K repeatedly.  
t o  about ,002 ohms, and strong adhesion was noted i n  about 90% of 
a l l  cycles 
Stage ( 6 )  - When t h e  fully clean sur faces  were de l ibe ra t e ly  con- 
taminated with seve ra l  monolayers of oxygen, t h e  contact r e s i s t ance  
rose  t o  about .01 ohms, and no adhesion w a s  observed. 
These r e s u l t s  are a l s o  summarized i n  Figure 9. The curves a r e  
After t h i s  treatment t h e  
I d e n t i c a l  r e s u l t s  
-4 
A t  t h i s  s t a g e ,  minimum contact r e s i s t ance  f e l l  
envelopes which contain a l l  of the adhesion cycles f o r  Stages 3 ,  4 and 
5 .  
contact r e s i s t a n c e  decreases and contact r e s i s t ance  s c a t t e r  decreases,  
as indica ted  by t h e  narrowing of t h e  envelopes. 
The s i g n i f i c a n t  po in ts  a r e  t h a t  as sur face  c leanl iness  increases ,  
The envelopes of t h e  adhesion cycles f o r  Stages 3, 4 and 5 a r e  
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presented i n  Figures 1 0 ,  11 and 12. The cross-hatched areas  within these  
curves represent  t h e  envelopes containing 80% of a l l  t h e  per t inent  adhesion 
cycles.  These "80% envelopes" i l l u s t r a t e  how dramatic t h e  decrease i n  
s c a t t e r  and increase i n  t h e  incidence of adhesion w a s  from Stage 3 t o  
Stage 5. They are presented side by s ide  i n  Figure 13. The decrease i n  
s c a t t e r  and t h e  drop i n  contact res i s tance  implies t h a t  i n  Stage 3, t h e  
surfaces  were thoroughly contaminated, and t h a t  t h e  degree of contamination 
var ied  g r e a t l y  over t h e  surface.  I n  Stage 4 ,  both surfaces  were probably 
l i g h t l y  contaminated over most of t h e  surfaces ,  although t h e r e  were s t i l l  
spots  t h a t  were more heavi ly  contaminated. It i s  f e l t  t h a t  i n  Stage 5 ,  
t h e  surfaces  were atomically clean except fo r  a few spots  of l i g h t  con- 
tamination. This ,  of course, cannot be proved but i n  o ther  inves t iga t ions ,  
similar cleaning techniques have yielded atomically clean surfaces  f o r  
tungsten (25,26) and s i l v e r  (27) .  Figure 14 summarizes t h e  observations 
of t h e  e f f e c t  of surface c leanl iness  on contact r e s i s t ance  and adhesion. 
When t h e  surfaces  were badly contaminated, adhesion w a s  never observed 
even f o r  high loads.  For c lean surfaces ,  adhesion w a s  observed f o r  loads 
< 0.5 gm. It i s  therefore  concluded t h a t  contamination w a s  t h e  major 
b a r r i e r  t o  adhesion. 
If the  Hertz equation i s  used t o  ca l cu la t e  5, t h e  radius  of t h e  
contact  area,and t h i s  i s  subs t i tu ted  i n t o  Holm's equation f o r  t h e  contact 
r e s i s t a n c e  , 
an estimate of t h e  contact res i s tance  f o r  an atomically clean junct ion i s  
obtained. 
r e s i s t a n c e  of about 5 x ohms. Experimentally, a value of 2 x 
For a load of 1 . 5  gm, t h i s  method of estimation gives  a contact 
ohms w a s  obtained. Thus, t h e  observed contact r e s i s t ance  does not seem 
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anomalously high,  which i s  i n  contrast  t o  t h e  high values reported by 
Johnson and Keller (1) f o r  t he  copper-nickel and s i lver -n icke l  couples. 
It i s  in t e re s t ing  t o  compare t h e  observed contact res i s tance  t o  t h a t  
A load of 0.78 gm f o r  a reported by Johnson and Keller f o r  s i l ve r - s i lve r .  
s i l ve r - s i lve r  couple gives the  same contact area as a load of 1 .5  gm on a 
silver-tungsten couple according t o  t h e  Hertz formula. For t h i s  load,  
t h e  s i l v e r - s i l v e r  contact res i s tance  w a s  found t o  be about 2 x ohms. 
This suggests t h a t  R f o r  atomically clean surfaces  may be s t rongly de- 
pendent upon contact area,  and only weakly dependent upon t h e  r e s i s t i v i t i e s  
of t h e  mater ia l s  involved. 
( 4 )  is  va l id .  
bu t  t h e r e  i s  now s u f f i c i e n t  doubt i n  i t s  v a l i d i t y  t o  suggest t h a t  fu r the r  
research i n  t h i s  a r ea  would be very in t e re s t ing .  
C 
This i s  not what would be expected i f  Equation 
Equation ( 4 )  cannot be re fu ted  by t h i s  r a the r  weak evidence, 
Figure 15 i s  a p lo t  of j o in t  s t rength  vs load  on t h e  couple for  t h e  
f u l l y  clean state. A s  mentioned i n  t h e  Theory Sect ion,  f o r  loads l e s s  than 
1 .5  gm, t h e  Hertz e l a s t i c  formula should be v a l i d ,  and f o r  g rea t e r  loads 
t h e  Holm contact r e s i s t ance  formula should be va l id .  It w a s  found, how- 
ever ,  t h a t  Holm's formula gave reasonable values f o r  a l l  loads ,  while 
Hertz '  formula could only be applied for  loads less than 1 . 5  gm. 
case ,  t h e  important fea ture  of Figure 13 is  t h e  absence of any r e l a t i o n  
between t h e  load on an adhesion couple and i ts  adhesion s t rength.  
i n  agreement with t h e  previous observations of Johnson and Kel ler  (2,12). 
It should a l s o  be noted t h a t  the t e n s i l e  s t rengths  of t h e  couples a r e  c lose 
t o  t h e  t e n s i l e  s t rength  of annealed s i l v e r .  The s c a t t e r  i n  t h e  j o i n t  
s t r eng th  m a y  be due t o  local ized surface contamination, va r i a t ions  i n  
sur face  geometry ( a s p e r i t i e s ) ,  and work hardening of t h e  s i l v e r .  
In  any 
This i s  
In  t h i s  inves t iga t ion ,  adhesion s t rengths  approximating t h e  t e n s i l e  
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s t rength  of t h e  weaker metal have been observed f o r  t h e  inso luble  metals, 
tungsten and s i l v e r .  This i s  cons is ten t  with t h e  observations of Johnson 
e t  al f o r  Ag-Ag, Ag-Ni, Cu-Ni, Mo-Mo and T i - T i .  
now been observed f o r  two immiscible systems using t h e  method of Johnson 
e t  a l ,  i .e.  A g - N i  and A g - W ,  it seems doubtfi l  t h a t  bulk m i s c i b i l i t y  i s  a 
c r i t e r i o n  f o r  me ta l l i c  adhesion, as previously suggested. 
Since strong adhesion has 
I n t u i t i v e l y ,  bulk m i s c i b i l i t y  would seem t o  be a very l o g i c a l  
c r i t e r i o n  f o r  adhesion. One could imagine an in t e r f ace  between t h e  two 
immiscible s o l i d  metals, across which t h e r e  could be no d i f fus ion  of t h e  
metals i n t o  each o ther .  
r e a d i l y  i n  tens ion  than a system i n  which t h e  metals could d i f f u s e  i n t o  
each o the r ,  forming an inl;erface of f i n i t e  thickness and varying concen- 
t r a t i o n .  Such a model is  apparently not v a l i d  s ince  strong adhesion be- 
tween immiscible m e t a l s  w a s ,  i n  f a c t ,  observed. However, an e r r o r  i s  ex- 
posed when t h e  model is  carefu l ly  examined. 
s a t i s f a c t o r i l y  explains adhesion between immiscible metals. 
l i e s  i n  t h e  assumption t h a t  t h e  c h a r a c t e r i s t i c s  of t h e  bulk metals can be 
used t o  explain adhesion, which i s  primarily a surface phenomenon. Many 
inves t iga t ions  have shown t h a t  surface phenomena a re  of ten  unre la ted  t o  
bu lk  phenomena (28,29). It i s  generally accepted, f o r  example, t h a t  i n  
t h e  solid-vacuum i n t e r f a c e s  of diamond ( 3 0 1 ,  s i l i c o n  (31) and germanium 
(311, t h e  diamond type l a t t i c e  of t h e  bulk i s  replaced by a hexagonal 
s t r u c t u r e .  
deep. 
Such a system would be expected t o  f r a c t u r e  more 
When cor rec ted ,  t h e  model 
The e r r o r  
This region i s  thought t o  be of t h e  order of 5 atomic l aye r s  
Hudson (32) has observed and measured a f i n i t e  binding energy of 
cadmium t o  a tungsten subs t r a t e  i n  a mass spectrographic inves t iga t ion .  
These metals are mutually insoluble i n  t h e  bulk. 
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The work of Taylor (33 )  on t h e  immiscible system, copper-tungsten, 
i s  of p a r t i c u l a r  s ign i f icance .  
of t h e  epitaxy of copper fi lms on atomically clean surfaces of tungsten,  
he found t h a t  t h e  copper penetrated t h e  tungsten t o  a depth of about 5 
atomic layers .  It is probable t h a t  a similar phenomenon occurs i n  t h e  
Ag-W system; perhaps it occurs i n  a l l  bulk immiscible systems. 
In  a low energy e l ec t ron  d i f f r a c t i o n  study 
Cahn and H i l l i a r d  (34) , i n  a thermodynamic ana lys i s  of i n t e r f a c e  
systems, used a model i n  which the  i n t e r f a c e  was considered t o  be of 
f i n i t e  thickness with a concentration gradien t  across  t h i s  thickness.  The 
th ickness  of t h e  i n t e r f a c e  was shown t o  depend on t h e  i n t e r a c t i o n  energies 
of t h e  atomic spec ies  involved and t h e  reduced temperature (absolu te  t e m -  
pera ture /absolu te  c r i t i c a l  temperature). The c r i t i c a l  temperature i s  t h e  
temperature a t  which t h e  two mater ia l s  w i l l  i n t e rpene t r a t e  by d i f fus ion  t o  
permit t h e  formation of an equilibrium so lu t ion .  
If t h e  Cahn and H i l l i a r d  model i s  appl icable ,  every p a i r  of miscible 
metals i n  phys ica l  contact at any temperature above absolute zero w i l l  have 
a n  i n t e r f a c i a l  region of varying composition, with a f i n i t e  thickness de- 
pendent on t h e  c r i t i c a l  temperature f o r  t h a t  system. Since t h e  composition 
varies across t h e  i n t e r f a c e ,  t he  t e n s i l e  s t r eng th  a l s o  va r i e s  across t h e  
i n t e r f a c e ,  and i s  l i k e l y  t o  be  minimum a t  one of t h e  boundaries of t h e  
i n t e r f a c e ,  i .e.  i n  t h e  weaker o f  t h e  two pure metals. 
Thus, i f  w e  accept t h e  pos tu la te  t h a t  metals t h a t  a r e  immiscible 
i n  t h e  bulk a r e  misc ib le  i n  t h e  f irst  few atomic l a y e r s ,  t h e  above d i f f u s e  
i n t e r f a c e  model f o r  me ta l l i c  adhesion i s  cons is ten t  with t h e  experimental 
r e s u l t s  of Johnson and Keller (2,12) and t h i s  inves t iga t ion .  It p red ic t s  
t h a t  a l l  me ta l l i c  couples with clean sur faces  w i l l  adhere, and t h a t  t h e  
s t r e n g t h  of t h e  cold-welded couple w i l l  be t h e  s t r eng th  of t h e  weaker member. 
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CONCLUSIONS AND RECOMMENDATIONS 
(1) Metal l ic  adhesion w a s  observed f o r  the  s i lver- tungsten system, and 
w a s  comparable t o  t h a t  observed by Johnson and Kel le r  f o r  t h e  
s i l v e r - s i l v e r  , s i lver -n icke l  , molybdenum-molybdenum and titanium- 
t i tanium systems. 
Contamination w a s  found t o  be t h e  major b a r r i e r  t o  adhesion i n  the 
system. 
Deliberate contamination of atomically clean samples with seve ra l  
monolayers of oxygen prevented adhesion, and r a i sed  t h e  contact 
r e s i s t ance  from about 2 x 
Immiscibi l i ty  w a s  found t o  be  no b a r r i e r  t o  s i lver- tungsten adhesion 
which i s  consis tent  with recent  observations t h a t  bulk immiscible 
metals may be miscible  i n  t h e  first f e w  atomic layers .  
and t h e  Cahn-Hilliard model of an in t e r f ace ,  a model f o r  me ta l l i c  
adhesion was suggested. 
The contact r e s i s t ance  values found fo r  t h e  f i l l y  clean state were 
c lose  t o  those expected theo re t i ca l ly .  However, a number of 
anomalies i n  the  area of contact r e s i s t ance  between d i s s imi l a r  
metals were pointed ou t ,  and it w a s  suggested that  further study 
(2 )  
(3) 
ohms t o  loW2 ohms. 
( 4 )  
From t h i s ,  
(5) 
i s  needed i n  t h i s  area. 
It i s  recommended t h a t  fur ther  work be done on t r u e  contact a r ea  
measurements, s ince  an accurate method of measuring contact area 
would probably el iminate  much of t h e  s c a t t e r  i n  j o i n t  s t rengths  
found i n  t h i s  study. 
The Cahn-Hilliard model of an in t e r f ace  p red ic t s  a va r i a t ion  of 
i n t e r f a c e  thickness  w i t h  temperature. A study of t h e  va r i a t ion  i n  
t h e  adhesion force  from cryogenic temperatures t o  high temperatures 
(6) 
( 7 )  
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would be very use fu l  i n  es tab l i sh ing  t h e  v a l i d i t y  of the  proposed 
model f o r  adhesion. 
(8)  Further s tud ie s  of t h e  in t e rd i f fus ion  of bulk immiscible metals 
would a l s o  be useful .  
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